Chordoma is a rare, radiation-resistant, skull-base and spinal tumor with high local recurrence containing mixed cell-adhesion phenotypes. We characterized DNA damage response (DDR) signaling (γH2AX, pKAP1, pATM) and survival response to ionizing radiation (IR) in human chordoma samples (42 resections, 23 patients) to test if blocking cell adhesion sensitizes U-CH1 tumor cells to IR. U-CH1 cells expressed brachyury, YAP, and laminin adhesion receptors (CD49c, CD49f, CD44), and approximately 15% to 20% of U-CH1 cells featured an α6 integrindependent (CD49f) cohesive cluster phenotype, which confers therapeutic resistance and aids metastasis. DDR to IR in U-CH1 cells was compared to normal prostate epithelial (PrEC) and tumor cells (DU145). Flow cytometry showed a dose-and time-dependent increase in γH2AX and pKAP1 expression in all cell lines. However, nearly 50% of U-CH1 cells exhibited nonresponsive phenotype to IR (measured by γH2AX and pKAP1) independent of cell cycle status. Immunofluorescence microscopy verified that only 15% of U-CH1 clustered cells were γH2AX or pKAP1 positive (versus 80% of nonclustered cells) 2 hours following 2-Gy IR. Conversely, both tumor cell lines were uniformly defective in pATM response. HYD1, a synthetic ECM ligand, inhibited DDR through an unresolved γH2AX response. β1 integrin-blocking antibody (AIIB2) decreased cell survival 50% itself and approximately doubled the IR-induced cell kill at all IR doses observed at 2 and 4 weeks posttreatment. These results suggest that a heterogeneity of DDR to IR exists within a chordoma population. Blocking integrin function alone and/or as an adjuvant to IR may eradicate chordomas containing the cohesive cluster phenotype.
Introduction
Chordoma is a rare cancer accounting for 1% to 4% of all bone malignancies [1, 2] . Chordoma histologically suggests a low-grade neoplasm [1] . However, while chordomas are slow growing and radioresistant, they are locally aggressive, invasive, and highly recurrent and present a clinical progression representative of malignant tumors. Chordomas arise from undifferentiated remnants of the primitive notochord [1, 3] and surprisingly express epithelial-type characteristics [4] and a low growth fraction, indicative of slow-growing disease. Chordomas impinge on critical nerve functions present within the clival, vertebral, and sacral regions of the spine [5] and can locally invade surrounding laminin-rich muscle. Originally thought to occur predominantly in the sacrum, chordomas are equally distributed between three primary locations: 29.2% in the sacrum, 32% in the skull base (clival), and 32.8% in the mobile spine (cervical, thoracic, and lumbar) [6] -however, other research has suggested 50% sacral, 35% clival, and 15% mobile spine [5] . Although once considered a low metastatic risk, chordomas have demonstrated distant metastasis to lung, liver, bone, and lymph nodes in up to 48% of patients [5, 7, 8] .
Current treatment is surgery followed by postoperative ionizing radiation (IR). However, in clival chordomas, there seldom is a clean margin due to inaccessibility and proximity to crucial nerve structures [9] . While initial response rates can be good, the tumors are radiation resistant [1, 10] , are dose limited by surrounding tissue tolerance [1, 11] , and often recur or metastasize [10, 12] . After surgical resection, chordoma recurs in up to 50% of patients [13] and metastasizes in up to 48% of patients [5, 7, 8] . There are currently no targeted therapies and no chemotherapies for chordoma. Five-and 10-year survival rates are suggested to vary between 70% and 80% and between 30% and 40%, respectively [5, 14] .
The population of chordoma cells in tissue culture is aggressive yet slow growing and contains cohesive clusters as well as those growing as monolayers [9] . Since cell adhesion can be protective in epithelial tumor cell populations [15] , we characterized the epithelial adhesion characteristics of the chordoma population and determined if DNA damage responses (DDRs) were uniform across the population. The cohesive cluster phenotype facilitates metastasis and can offer greater radiation resistance than single cells or strands of cells [15] due to cell-adhesion mediation, including the expression of cytokeratin 8 and 18 in tumor cell clusters. Previous work demonstrated that β1 integrins are a determining factor in radiation resistance [12, 16] , occurring via blockage of β1 integrin function or the associated downstream signaling via focal adhesion kinase and integrin-linked kinase [17] . Identifying whether laminin-binding β1 integrins (α3β1, α6β1) are involved in IR responses can allow targeting of specific molecular pathways to inhibit the DDR and increase IR effectiveness. In the current study, the DDR of human U-CH1 chordoma cells to IR was determined in both the individual cells and cells within clusters.
An integrin ligand mimetic, HYD1, which can prevent cluster formation, and AIIB2, a function-blocking β1 integrin-specific antibody, were tested to determine effects on IR response and survival. The DDR was estimated by the time-dependent detection of four indicators of DDR (γH2AX, pKAP1, pATM) in the U-CH1 cells. If chordoma cohesive clusters have a muted DDR to IR as compared to the coexisting single-cell monolayer, then targeting the integrin-mediated adhesion complex may increase the effectiveness of IR and perhaps reduce recurrence. Chordomas are homogenous in the cell-cell expression of α6 integrin (this study), and understanding the increased DDR via laminin-binding integrins (LBI) will offer insight into the treatment of other slow-growing epithelial tumors treated with IR, especially the mechanism of cell adhesion-mediated radiation resistance in subtypes of breast and prostate cancer.
Materials and Methods

Cells and IR Treatment
The human U-CH1 cells (ATCC, CRL-3217) originated from a recurrent sacral chordoma after initial radiation therapy and contain several genomic copy number alterations [18] . U-CH1 has a heterogeneous morphology consisting of physaliferous cells with a mucinous intercellular substance that represents typical chordoma features. The UM-CHOR1 cell line (ATCC, CRL-3270) is representative of clival, chondroid-type tumors. Both cell lines overexpress the transcription factor T (brachyury) that is the most specific marker for chordoma. The cells were maintained in Iscove's DMEM:RPMI medium, 4:1 (Mediatech, Inc., Manassas, VA) supplemented with 10% (v/v) fetal bovine serum (FBS) (Peak Serum, Fort Collins, CO) and 1% (w/v) L-glutamine (Life Technologies, Grand Island, NY). DU145 prostate cancer cell line (ATCC, HTB-81) and PrEC, a normal prostate cell line [19] , were cultured in Iscove's modified Dulbecco's medium supplemented with 10% FBS. All of the cell lines were cultured at 37°C in a 95% air and 5% CO 2 atmosphere at constant humidity. Cell line identity was validated using short tandem repeat analysis by the Human Origins Genotyping Laboratory at the University of Arizona. The 8-Gy dose was chosen as it represents the total dose (2-Gy fractions × 4 fractions) that is clinically relevant for chordoma. Cells were irradiated using 60 Co fixed γ radiation source with a dose rate of 0.62 Gy/min.
Antibodies and Reagents
Antibodies used for immunofluorescence staining include: anti-α6 integrin J1B5 (rat monoclonal, http://dshb.biology.uiowa.edu/), anti-α3 integrin P1B5 (mouse monoclonal, EMD Millipore, Billerica, MA), anti-cytokeratin 8/18 (mouse monoclonal 10.11, Dr. Raymond B. Nagle, University of Arizona), anti-PML (mouse monoclonal PG-M3, Santa Cruz Biotechnology, Dallas, TX), and anti-H2AX phospho-serine139 (rabbit monoclonal 20E3, Cell Signaling Technologies, Danvers, MA). F-actin was detected using Alexa Fluor 488 Phalloidin, and nuclear DNA staining was detected with NucBlue Fixed Cell Stain (Life Technologies, Grand Island, NY). The anti-α6 antibody AA6NT (rabbit) [20] was used for tissue staining. Antibodies used for flow cytometry include: Brachyury (goat polyclonal, R&D Systems AF2085, Minneapolis, MN), YAP (rabbit monoclonal D8H1X, Cell Signaling Technology), anti-α6 integrin CD49f PE conjugated (rat monoclonal GoH3, eBioscience, San Diego, CA), anti-α3 integrin CD49c APC conjugated (mouse monoclonal P1B5, eBioscience), anti-β1 integrin CD29 PE conjugated (mouse monoclonal TS2/16, BioLegend, San Diego, CA), anti-β4 integrin CD104 eFluor660 conjugated (rat monoclonal 439-9B, eBioscience), CD44 (mouse monoclonal 156-3C11, Cell Signaling Technology), anti-H2AX phospho-serine 139 Alexa Fluor 488 conjugated (mouse monoclonal 2F3, BioLegend), anti-KAP1 phospho-serine 824 (rabbit polyclonal, Bethyl A300-767A, Montgomery, TX), and anti-ATM phospho-serine 1981 PE conjugated (mouse monoclonal 10H11.E12, BioLegend). The DNA marker 7-AAD (BioLegend) was used to analyze the cells based on their G1/G2 phase. Laminin mimetic peptide (HYD1) was used as previously reported [21] . β1 integrin (CD29) rat antibody (AIIB2) hybridoma, specific for amino acids 207 to 218, was obtained from the University of Iowa (http://dshb.biology.uiowa.edu/) and used under azide-free conditions.
Tissue Staining and Immunofluorescence Microscopy
Informed patient consent and Institutional Review Board approval for tissue collection were done through St. Joseph's Hospital and Medical Center. Formalin-fixed deidentified human cancer tissue sections were provided by the Biobank Core Facility at St. Joseph's Hospital and Medical Center and the Barrow Neurological Institute; tissue samples were stained using a Discovery XT Automated Immunostainer (Ventana Medical Systems, Inc., Tucson, AZ) in the TACMASR core support service within the UA Cancer Center. Samples were imaged using an Olympus BX40 system (Southwest Precision Instruments, Tucson, AZ, USA) with a 4× (NA 0.13) and 40× objective (NA 0.75).
U-CH1 cells were grown to 70% confluence on glass coverslips coated with 0.1% (v/v) gelatin (ATCC, PCS-999-027) and were fixed with 3.7% (v/v) neutral buffered formalin for 30 minutes at room temperature and permeabilized for 10 minutes with PBS containing 0.1% (v/v) BSA and 0.2% (v/v) Triton X-100. Cells were incubated with antibodies for 30 minutes in PBS containing 0.1% (v/v) BSA. Coverslips were mounted on slides using Prolong Diamond antifade (Life Technologies). Images were acquired using the Zeiss Axiophot Microscope equipped with a cooled charge-coupled device camera (CoolSNAP HQ2; Photometrics). The scoring of two or more foci was used as a measure of a positive signal in line with published work [22, 23] .
Flow Cytometry Analysis
Flow cytometry analysis was used to quantitate a variety of cell surface proteins (integrins α6, α3, β1, β4, and CD44) expressed on U-CH1 cells grown on 0.1% (v/v) gelatin-coated tissue culture flasks. The tumor cells were harvested using 0.1% Trypsin-EDTA (Life Technologies), resuspended in their culture media, and then centrifuged at 1000 rpm at 4°C. The cells were fixed with 2% paraformaldehyde for 20 minutes at room temperature. They were then resuspended in PBS containing 0.2% BSA and allowed to incubate at room temperature for 15 minutes. They were then recentrifuged and resuspended in 200 μl of PBS containing 0.2% BSA and the appropriate concentration for each of the cell surface protein antibodies. To quantitate the DDR markers (γH2AX, pKAP1, p-ATM) or transcription factors (Brachyury and YAP), the cells were harvested in the same manner and then fixed, permeabilized, and stained according to the manufacturer's instructions using the BioLegend Nuclear Factor Fixation/Permeabilization Kit. Approximately 1.0 to 2.0 × 10 6 cells were used per experimental condition. The cells were analyzed on a BD Accuri C6 Plus instrument (BD Biosciences, San Jose, CA), and the data were analyzed using FlowJo Data Analysis Software v10 (FlowJo, LLC). To account for differences in cell cycle distribution that affect average DDR signal intensity measurements under all experimental conditions, specific DDR end point expression was shown as a function of DNA content. The results were expressed as a ratio of the signal intensity for positive DDR expression and total DDR expression in cells containing a G1 DNA content.
Cytotoxicity Assay
MTT dye metabolism was used to assay cell viability as previously described [24] . To determine cytotoxicity of IR treatment, cells were seeded in 96-well plates; incubated for 24 hours; irradiated; grown for 7, 14, or 28 days; and processed for viability. While radiation sensitivity with clonogenic survival has remained the investigation of choice since 1955 [25] , the MTT assay is an established method of radiation sensitivity when cells, such as chordoma, will not clone into a colony for counting. A minimum of four cell doubling times (in this case, 28 days) is required to assess radiation sensitivity [26] . U-CH1 cells have a doubling time of up to 7 days [18, 27] . To assess viability, cells were incubated in culture media for 4 hours with PBS containing MTT dye, the solution was removed, and the resulting purple formazan product was solubilized in DMSO. The quantification of the product was achieved using absorbance measurements at 540 nm using a μQuant microplate reader (BIO-TEK, Winooski, VT). The survival curves were generated by sigmoidal analysis of the dose response data using GraphPad Prism v5.0c software (GraphPad, La Jolla, CA).
Statistical Analysis
Differences in means between groups were evaluated by two-tailed test of population proportion or two-tailed Student's t tests performed in Origin v6.1 software (Northampton, MA) and GraphPad Prism v5.0c software (GraphPad, La Jolla, CA), respectively. For all of the analyses, statistical significance was assigned at P value ≤ .05. Unless otherwise stated, all data are presented as mean ± SD.
Results
Chordoma Mixed Epithelial Phenotype of 2D Spread Cells and 3D Cohesive Clusters
Previous work has shown a heterogeneous population of chordoma tumor cells containing cells growing as a monolayer and within clusters, identified both by transmission electron microscopy and by bright field microscopy [28] . The chordoma cells express α6 integrin (CD49f), one of the laminin-binding integrins and a stem cell marker in many epithelial types, including nucleus pulposus stem cells of the primitive notochord from which chordomas are derived [3, 6] . The 2D chordoma cells growing in a single cell monolayer expressed an extensive cytokeratin 8 and 18 filamentous network and F-actin ( Figure 1A ). The cytokeratin filament networks were cytoplasmic, did not colocalize with F-actin, and wrapped around the cell nucleus as expected for intact epithelial intermediate filaments. Other cytokeratin filaments (e.g., cytokeratin 5 and 14, specific for basal cells; cytokeratin 6, specific for hyperproliferative cells; and cytokeratin 1 and 10, specific for epithelial cells) were undetectable, indicating that the cytokeratin networks observed were similar to other epithelial tumors and not lineage specific ( Supplemental Table S1 ).
The α6 integrin was observed primarily in the cytoplasm ( Figure 1B ). Within the same culture, 3D cohesive clusters of tumor cells retained expression of α6 integrin and F-actin in a reorganized distribution ( Figure 1C) with abundant cell-cell surface expression of the integrin and F-actin in a cortical-like distribution. Tissues from archived specimens of 42 resections of human chordoma, representing 23 different chordoma patients (deidentified), were stained with α6 integrin-specific antibody. The distribution of α6 integrin was on the tumor cell surface within single cell-type populations ( Figure 1D ) and within cell clusters in a cell-cell distribution ( Figure 1E ). The integrin staining in tissue sections was abundant and in a distribution consistent with the known foamy and physaliferous pattern seen in chordoma (Supplemental Figure S1 ). Approximately 15% of the U-CH1 chordoma population was contained in 3D clusters, which was significantly decreased by providing the HYD1 ligand mimetic ( Figure 1F ). The total cell population, independent of cluster Neoplasia Vol. 19, No. 11, 2017 Cohesive Cluster Phenotype in Chordoma Harryman et al.
phenotype, expressed brachyury and YAP transcriptional regulators in a uniform distribution as detected by flow cytometry (Figure 1, G  and H) . The cell surface expression of α6, α3, β1, and β4 integrins and CD44 ( Figure 1I ) was analyzed by flow cytometry and quantitated by determining the mean peak fluorescence values for the entire population, whether grown as individual cells or cohesive clusters. Both U-CH1 and CHOR1 cells showed a uniform population distribution of all five adhesion receptors from which the mean peak values were derived.
Heterogenous DDR in Chordoma Population
Since chordoma is treated with a combination of surgery and radiation therapy, we determined the DDR of the U-CH1 chordoma population to radiation. We used three well-studied DDRs to IR: γH2AX (p-serine 139), pKAP1 (p-serine 824), and pATM (p-1981) analyzed by flow cytometry [29] . Normal prostate (PrEC) and tumor (DU145) epithelial cells were used for comparison purposes to chordoma (U-CH1). Prostate cell lines were used for comparison to chordoma since both share the same epithelial characteristics and are slow growing, IR resistant, and treated clinically with IR.
In chordoma cell cells, a nonresponsive population (approximately 50%) was documented in both the γH2AX and the pKAP1 DDR profiles in response to 8 Gy (Figure 2 ). The γH2AX response analysis was restricted to the G1 population to avoid the known constitutive signaling within the G2 population [30] . The data showed that while the majority of the DU-145 cells were positive for both DDR endpoints, a significant population of the chordoma cells was defective. It is interesting to note that the nonresponsive population in the chordoma cells occurred independent of the cell cycle distribution.
The Cohesive Cluster Phenotype and a Muted IR-Induced γH2AX Signal
We utilized the F-actin stain to locate 3D cohesive cell clusters distinct from 2D cells within the population and confirmed their location by the cluster of nuclei detected by a DNA stain (DAPI). Immunofluorescence analysis of the DDR to 8 Gy showed a maximum nuclear signal at approximately 2 hours after the IR treatment that dissipated by 4 hours ( Figure 3A) . The nuclear γH2AX signal was scored positive if there were two or more foci within the nuclei (as shown in the representative image in Figure 3A ). An immunofluorescence analysis of the cohesive clusters ( Figure 3B ) showed a significantly reduced nuclear signal at approximately 2 hours after IR as compared to the 2D cells (Supplemental Figure S2) . Using the F-actin staining to detect the cell-cell clusters, we quantified the percentage of γH2AX-positive cells in response to IR in the 2D and 3D clusters.
In the 2D population, approximately 25% of the cells were positive for nuclear γH2AX foci in the absence of IR (Figure 4 ). Approximately twice as many cells had a significant increase in the γH2AX signal within a 30-minute repair interval, which continued to increase with an estimated 75% of cells responding by 2 hours. The signal 4 hours after the IR dose was not significantly different than the unirradiated sample, consistent with a resolution of the DDR. Within 8 hours of the IR treatment, approximately 60% of the 2D cells contained an increase in the γH2AX signal, which was expected to occur in part from the known IR-induced G2 progression block; within 22 hours after IR, the γH2AX signal was not significantly different as compared to unirradiated cells.
In the 3D cluster chordoma population, approximately 2% of the cells were positive for nuclear γH2AX foci in the absence of IR (Figure 4 ) as compared to 25% of the population within the 2D cells. There was no significant increase in the γH2AX signal within a 30-minute repair interval. However, approximately 15% of the cells within the 3D clusters responded by 2 hours as compared to the unirradiated 3D clusters. Within 4 hours after the IR dose, the signal in the 3D clusters remained significantly different from the unirradiated 3D sample. Within 8 and 22 hours of the IR treatment, the 3D clusters contained levels not significantly different than of the unirradiated 3D clusters.
Taken together, the results show that the 2D spread cells and the 3D cohesive clusters, while coexisting in the same population, have a significantly different γH2AX DDR. In particular, whereas 75% of the 2D cells will respond (Figure 4 ), only 15% of the cells in the 3D cluster will contain the expected γH2AX DDR (Figure 4 ). During the repair interval, the 2D cells resolved the γH2AX foci within 4 hours. In comparison, the cells within the 3D cluster still contained γH2AX foci at 4 hours of repair that were significantly elevated in relation to the unirradiated 3D cells (Figure 4) . These results indicate that the 3D clustered cells-as compared to the 2D cells-have a significantly reduced γH2AX response to 8-Gy IR treatment and that the damage response that does exist requires more time to resolve.
The Time and Dose Dependence of the Chordoma DDR is Defective
Since the γH2AX signal is a DDR sensor that is a modification of the histone component of chromatin [31] , we next investigated the pKAP1 (p-serine 824) response, another IR-dependent chromatin modifying event [29] . Monitoring the time response following 8-Gy IR in the G1 population showed that the chordoma cells contained only a maximum of 50% of the cells responding with either the γH2AX or the pKAP1 signal ( Figure 5, top panels) . The pATM signal was not observed in the chordoma cells at any time or any dose tested as compared to a response seen in the normal PrEC cells ( Figure 5 , far right panels). The γH2AX dose response to IR in DU145 cells was verified by comparing the flow data with the Western blot and the immunofluorescence microscopy (Supplemental Figure S3 ).
Peptide Ligand Mimetic Delays γH2AX Resolution and Sensitizes to IR Cell Killing
Since the U-CH1 3D clusters contained LBI (Figure 1 ) and the U-CH1 3D clusters are nonresponsive to IR-induced DDR signals (Figs. 2-5 ), we next tested the ability of a peptide ligand mimetic of the laminin-binding integrins, HYD1, to alter the γH2AX DDR response in U-CH1 cells. HYD1 was used to provide a synthetic surface that can promote adhesion uncoupled from integrin downstream signaling [32] . HYD1 decreased the percentage of cells growing as 3D clusters to less than 5% of the population ( Figure 1F ). The γH2AX response was monitored by immunofluorescence in unirradiated (no IR) cells or 2 or 24 hours after 8 Gy IR ( Figure 6A ). Approximately 70% of the U-CH1 cells were positive for the γH2AX signal 2 hours following 8-Gy IR, independent of the HYD1 treatment ( Figure 6A ). However, the presence of HYD1 significantly reduced the resolution of the DDR response since twice as many cells had microscopy of the resulting 2D U-CH1 cells. The DDR of the 2D cells was scored and retained the γH2AX signal at 24 hours after Figure 6A ). Since retention of the γH2AX signal can indicate unrepaired double-stranded DNA breaks [33] and one double-stranded DNA break can be lethal [34] , we tested the ability of a β1 integrin-blocking antibody called AIIB2 to increase the lethal effects of IR in the U-CH1 cell population. U-CH1 cells were exposed to different doses of IR either with or without AIIB2. The U-CH1 cells were tested for viability using the MTT assay at 2 and 4 weeks after the irradiation to be certain that any lethal effects due to potentially lethal damage repair would be detected. As a single agent, the AIIB2 had a striking effect on U-CH1 cell survival as the surviving fraction was approximately 50% at both 2 and 4 weeks. Combining the AIIB2 with different doses of IR showed approximately a doubling of the cell killing at all the doses tested.
Discussion
Three different endpoints (γH2AX, pKAP1, and pATM) of DDR were analyzed in a rare but lethal epithelial-type tumor (chordoma) and compared to normal and adenocarcinoma cells. In normal epithelial cells, an increasing DDR response (γH2AX, pKAP1) was observed 1 hour following increasing doses of IR (2, 4, 8 Gy). All three DDRs were maximal at 2.0 hours following the DNA damage and resolved to baseline levels within 3 hours after IR. A remarkable finding was that a subpopulation of U-CH1 cells did not respond to IR doses with a γH2AX or pKAP1 signal. In the case of pATM, the chordoma U-CH1 line, derived from recurrent disease after IR therapy [18] , was uniformly not responsive and may be in line with recent reports that pATM defects portend recurrent epithelial tumors [35] .
Approximately 15% of the U-CH1 cells were designated as a "nonresponder" subpopulation to both γH2AX and pKAP1 and were observed growing as cohesive clusters. By supplying HYD1, a d-amino acid-containing peptide that acts as a ligand mimetic to drive adhesion while uncoupling integrin-dependent signaling [32] , production of these cohesive clusters decreased to less than 5% of the population. This corresponded to a significant increase in the responding γH2AX and pKAP1 populations and a delay in the resolution of the γH2AX signal during the repair interval. The delay in γH2AX foci resolution indicates a defect in repair [36] . Using the HYD1 peptide to decrease the cohesive cluster phenotype may be a method to increase the sensitivity of chordoma to DNA-damaging agents. The β1 integrin-blocking antibody (AIIB2) was striking in its ability to decrease chordoma cell survival as a single agent. The ability of AIIB2 to induce cell death in the absence of IR may be related to the known induction of programmed cell death originally described in normal cells with the loss of cell-ECM adhesion [37] -if this were the case, then protein kinase signaling pathways could be targeted as well. AIIB2 treatment also significantly increased the lethal effects of IR. Taken together, these results suggest that phenotypic changes induced by the ECM can influence the DDR response. This is indicative that phenotypic targeting may be an effective strategy to increase the lethality of known anticancer agents [35] . We note with interest that systemic agents are currently being tested to inactivate β1 integrin function in tumors [38, 39] . Future formulations of HYD1, as a ligand mimetic, may offer a potential local therapy approach.
During the course of these studies, a major question arose as to whether the cohesive phenotype represents a distinct subpopulation of cells or represents an inducible phenotype within the population. While the cohesive clusters can be retrieved physically from the population, they readily form into the 2D well-spread phenotype and result in a mixed population. Similarly, specific isolation of the 2D well-spread cells will recapitulate the mixed population. The mixed phenotype of the population appears to be a characteristic of the cell line, perhaps reflecting its stem cell-like properties and origin [18] . Current interest in the tumor ecosystem [40] may uncover mechanisms by which surrounding tissue, including adipocytes and their associated immune cells, influences the development and phenotype of the tumor cells. It may be that future experiments to induce differentiation of chordoma-type tumors could be a strategy for making the tumor self-limiting.
The use of HYD1 as a ligand mimetic was striking in its ability to decrease the cell-cell cohesive clusters, promote the cell-ECM attached cell phenotype in chordoma, and decrease the resolution of γH2AX foci. We note that HYD1 can uncouple adhesion and integrin signaling functions, [32] and in this study, it decreased the cell-cell structural phenotype of the chordoma cell line. It remains to be determined if the cell-cell structural phenotype in chordoma is the critical element of IR resistance or if conversion to 2D adherent phenotype could be exploited for anti-β1 integrin therapeutics. In either case, acknowledging and investigating the heterogeneity of the DDR response in chordoma could provide new approaches to its eradication. The mixture of adhesion phenotypes and DDR observed here suggests that a combination strategy of targeting cell-ECM and cell-cell adhesion properties would be effective in chordoma in vivo. Future studies utilizing patient-derived xenografts could offer an approach to test this hypothesis.
